Carbon/molecule/metal molecular junctions were fabricated by metal deposition of titanium or copper on monolayers of nitroazobenzene ͑NAB͒, biphenyl, and nitrobiphenyl ͑NBP͒, and multilayers of NAB and NBP covalently bonded to an sp 2 carbon substrate. The electronic behavior of Ti junctions was extremely dependent on residual gas pressure during E-beam deposition, due to the formation of a disordered Ti oxyhydroxide deposit. The junction resistance decreased with decreasing residual gas pressure, and the hysteresis and rectification observed previously for relatively high deposition pressure was absent for pressures below 5 ϫ 10 −7 Torr. Deletion of the molecular layer resulted in low-resistance junctions for both high and low deposition pressures. Replacement of the Ti with Al with otherwise identical deposition conditions resulted in insulating junctions with much higher resistance and no rectification. Ti junctions made at low residual gas pressure had resistances and current/voltage characteristics similar to those of junctions with Cu top contacts, with the latter exhibiting high yield and good reproducibility. The current/ voltage characteristics of both the Ti and Cu junctions fabricated with low residual gas pressure were nonlinear and showed a strong dependence on the molecular layer thickness. The hysteresis and rectification previously observed for junctions fabricated at relatively high residual gas pressure depend on the combination of the NAB layer and the semiconducting TiO x film, with the TiO x layer conductivity depending strongly on formation conditions. Rectification and hysteresis in NAB/TiO x junctions may result from either redox reactions of the NAB and TiO x layers, or from electron injection into the conduction band of Ti oxide. A significant problem with investigation of metal/molecule/metal molecular electronic junctions has been fabrication of the top metal "contact." Vapor deposition of Au or Ag often results in metal penetration into a molecular monolayer, unless there is a reaction between the vapor metal atoms and the monolayer end group.
A significant problem with investigation of metal/molecule/metal molecular electronic junctions has been fabrication of the top metal "contact." Vapor deposition of Au or Ag often results in metal penetration into a molecular monolayer, unless there is a reaction between the vapor metal atoms and the monolayer end group. [1] [2] [3] [4] [5] Vapor-deposited titanium metal has been investigated as a top contact for various molecular electronic junctions, including metal/ molecule/metal junctions based on self-assembled monolayer ͑SAM͒ 6, 7 and Langmuir-Blodgett ͑LB͒ structures. [8] [9] [10] Ti atoms are strongly reducing and reactive, and they have been shown to destroy Au/thiol self-assembled aliphatic monolayers, as judged by loss of Secondary-ion mass spectrometry signals from the monolayer. 11 Fourier transform of SAM and LB structures following Ti deposition showed total signal loss for aliphatic or phenylethynyl monolayers, 12 although a naphthalene center was apparently unaffected. 7 We reported recently on carbon/nitroazobenzene ͑NAB͒/Ti molecular junctions which have covalent bonds between the molecule and both the carbon substrate and Ti top contacts. 13 These junctions showed strong rectification, with the current under positive bias ͑carbon positive of Ti͒ exceeding that for negative bias by a factor of ϳ600 at 3 V. Raman spectroscopy and X-ray photoelectron spectroscopy ͑XPS͒ demonstrated that a nitroterminated molecular layer was not significantly affected by E-beam deposition of Ti, except for formation of a Ti-N bond and partial reduction of the nitro group. 13, 14 Because covalent bonding between the molecular layer and the contacts is often desirable to reduce barriers to electron transport, the top contact metal should be reactive enough to form such bonds, but not so aggressive that it destroys the monolayer or creates metallic short circuits.
Subsequent to our initial report on carbon/NAB/Ti junctions, we observed that junction properties were dependent on Ti deposition rate and the base pressure of the E-beam evaporation chamber. 15 Specifically, a decrease in residual gas pressure from 8 ϫ 10 −6 to 5 ϫ 10 −7 Torr or less caused a dramatic decrease in junction resistance and apparent loss of hysteresis. SAM and LB junctions reported by others to date were made with residual gas pressures ranging from Ͻ1 ϫ 10 −8 to Ͻ1 ϫ 10 −6 Torr, [5] [6] [7] [8] [9] and may be subject to the same variation in properties due to trace gases. The current report discusses the effects of Ti oxide formation on junction behavior and reports a means to avoid such effects using copper as the top metal.
Experimental
Molecular junctions with a 3.7 nm thick NAB film were fabricated on pyrolyzed photoresist films ͑PPFs, rms roughness Ͻ0.5 nm͒ using the procedure described in detail previously, 13 with the important exception of the Ti deposition procedure. PPF is disordered, sp 2 hybridized carbon, with no observable bandgap and essentially metallic conductivity ͑resistivity ϳ0.005 ⍀-cm͒. 16, 17 For the samples designated as "low oxide," the E-beam evaporation chamber pressure was decreased to several residual gas pressures below 5 ϫ 10 −7 Torr, instead of the previous 8 ϫ 10 −6 Torr, and the initial Ti deposition rate was increased to 0.1 nm/s compared to the previous 0.03 nm/s. Based on the simple formula that the time required in seconds for a monolayer of collisions between a trace gas and a surface is approximately ͑2.5 ϫ 10 −6 ͒/P ͑Torr͒ 18 and that every collision of Ti with water or O 2 is reactive, we predict a substantial fraction of the deposited Ti layer to be Ti oxide or hydroxide. We refer to films deposited using the previous conditions 13 as "high oxide" and those with a pressure of Ͻ5 ϫ 10 −7 Torr as "low oxide." Note that high oxide and low oxide PPF/NAB͑3.7͒/ Ti/Au junctions are identical except for Ti deposition conditions, with identical PPF substrate, 3.7 nm thick NAB layer, and protective gold layer. In addition, several samples were prepared with aluminum substituted for Ti to investigate the effect of an insulating rather than semiconducting oxide. Deposition conditions for Al were identical to the Ti high oxide case, including the protective Au top layer. Biphenyl ͑BP͒ and nitrobiphenyl ͑NBP͒ junctions were prepared in the same fashion, using conditions that yield known layer thicknesses as determined with atomic force microscopy ͑AFM͒. 19 Junctions are designated as, e.g., PPF/NAB͑3.7͒/Ti/Au, PPF/NBP͑4.2͒/ Ti/Au, where the thickness of the molecular layer determined with AFM is given in parentheses with units of nanometers. All junctions were 0.5 mm diam ͑area 0.00196 cm 2 , corresponding to ϳ10 11 molecules arranged in parallel͒ with 8-14 junctions per sample. In summary, four metal deposition programs were used: "high oxide Ti": 8 ϫ 10 −6 Torr, 3 nm Ti at 0.03 nm/s, 5 min wait, 10 nm Ti at 0.1 nm/s, 40 nm Ti at 1 nm/s, 100 nm Au at 1 nm/s; "low oxide Ti": ͑2.1-5.0͒ ϫ 10 −7 Torr ͑as specified below͒, 10 nm Ti at 0.1 nm/s, 40 nm Ti at 1 nm/s, 100 nm Au at 1.0 nm/s; "Cu": pressure as specified, 10 nm Cu at 0.1 nm/s, 20 nm Cu at 0.5 nm/s, 10 nm Au at 1.0 nm/s; and "high oxide Al": 3 nm Al at 0.03 nm/s, 5 min wait, 10 nm Al at 0.1 nm/s, 40 nm Al at 1 nm/s, 100 nm Au at 1 nm/s. Contact was made to the junction as described previously with a Pt wire and a micromanipulator. 13 A few junctions were rejected due to nonrepeatable i/V curves, and standard deviations of the remaining junctions are reported in Tables I and II. As noted in the main text, the Ti junctions slowly became less conductive upon exposure to air, so all electronic measurements reported occurred one day after metal deposition. The junction resistance for low bias was determined as the inverse of the slope of the i/V curve over the range −50 mV Ͻ V Ͻ +50 mV, and dV/di ͑ϩ2 V͒ is the inverse slope of the i/V curve for V = 1.95 to 2.00 V. Positive V corresponds to the PPF contact being more positive than the Ti/Au contact in all cases. XPS spectra were obtained with a Kratos Axis Ultra spectrometer. Except as noted, the sample was transferred through ambient air to the XPS sample introduction chamber immediately after metal deposition. Control junctions were prepared identically to those described previously, but without deposition of the molecular layer, for all three top contacts: Cu, low oxide Ti, and high oxide Ti.
Results
The effect of residual gas pressure on the current/voltage ͑i/V͒ response of PPF/NAB͑3.7͒/Ti/Au junctions is shown in Fig. 1 , with the ordinate expressed as current density ͑J, in A/cm 2 ͒. The curve for 8 ϫ 10 −6 Torr is similar to that reported in detail previously, 13 showing hysteresis for positive voltage and a large resistance at low voltage ͑685 M⍀͒. For lower pressures, the resistance at low voltage decreases to 127 ± 21 k⍀ for 4.0 ϫ 10 −7 Torr, 17.5 ± 6.6 k⍀ for 2.8 ϫ 10 −7 Torr, and 3.1 ± 1.5 k⍀ for 2.1 ϫ 10 −7 Torr. Compared to the high oxide junctions, the low oxide junctions exhibited much higher current, little or no hysteresis, and negligible dependence on scan rate. The i/V curves were repeatable in the Ϯ2 V range for thousands of cycles, with no apparent degradation. To determine if the effect of residual gas pressure was observed for a molecule other than NAB, junctions were prepared with BP substituted for NAB. As shown in Fig. 2 , the PPF/BP͑1.5͒/Ti/Au junctions had qualitatively similar i/V responses, with larger currents for the low oxide junctions. The currents observed for the high oxide case were smaller than those for NAB͑3.7͒, and hysteresis was observed for both positive and negative voltage scans. Also shown in Fig. 1 are control junctions with no molecular layer, which have linear i/V responses with slopes corresponding to resistances of 238 ⍀ ͑8.0 ϫ 10 −6 Torr͒ and 247 ⍀ ͑2.1 ϫ 10 −7 Torr͒. The presence of Ti oxide was confirmed with XPS depth profiling of a PPF/azobenzene/Ti/Au molecular junction. Azobenzene was used instead of NAB so the molecule did not contribute oxygen, but the metal deposition conditions were identical to those for NAB and BP. After insertion of the completed sample into the XPS chamber, the metal layers were sputtered with Ar + ions and XPS spectra were acquired periodically. Various Ti oxides were observed near the azobenzene layer, including TiO ͑Ti 2p 3/2 peak at 454.8 eV͒, 20, 21 Ti 2 O 3 ͑456.1 eV͒, 21, 22 and a small amount of TiO 2 ͑458.8 eV͒.
21,23 Figure 3 shows high-resolution XPS spectra of the Ti 2p region obtained near the azobenzene layer for high oxide ͑8 ϫ 10 −6 Torr͒ and low oxide ͑2.1 ϫ 10 −7 Torr͒ PPF/AB/Ti/Au junctions. Although there are variations in the distribution of Ti and Ti oxides for the two and metal hydroxide ͑531.7 eV͒. 23, [26] [27] [28] [29] [30] The oxyhydroxide deposit is likely to be very disordered and is referred to as TiO x . Clearly, the 2 ϫ 10 −7 Torr base pressure of the E-beam system employed was not sufficiently low to yield a Ti deposit that is uncontaminated by oxides, and also that the TiO x layer is a structurally complex mixture of Ti in the ϩ2, ϩ3, and ϩ4 oxidation states.
A more detailed examination of the effect of residual gas pressure on the low-bias resistance was conducted for the PPF/ NAB͑3.7͒/Ti/Au case, with the results shown in Fig. 4 . The resistance at low voltage decreased monotonically with decreasing pressure, down to the lowest pressure achievable with the apparatus employed, 2.1 ϫ 10 −7 Torr. Although a log-log plot of resistance vs.
pressure was approximately linear, its slope was ϳ3, indicating a strong, nonlinear dependence on pressure.
As noted, the lowest backpressure employed ͑2.1 ϫ 10 −7 Torr͒ yielded a Ti deposit that contained significant oxide, making it difficult to evaluate junctions containing only metallic Ti. To circumvent this problem, copper was substituted for Ti to reduce the tendency of the top contact metal to oxidize. J/V curves for low oxide PPF/NAB͑3.7͒/Ti/Au and PPF/BP͑1.5͒/Cu/Au junctions are compared in Fig. 5 . The Cu junctions had somewhat lower resistance than the Ti junctions at low bias, although the curve shapes were similar. Table II includes resistance values obtained for many Cu junctions, including standard deviations for multiple junctions on two separate samples. The reproducibility of the Cu junctions was significantly better than that of the Ti junctions, and few Cu junctions displayed anomalous behavior. Of the 157 Cu junctions on 16 samples listed in Table II , none was rejected due to anomalous resistance or unstable J/V response. The mean resistances observed for PPF/NAB͑3.7͒/Cu/Au junctions are shown in Fig. 4 for two residual gas pressures, and exhibit only a weak dependence on pressure. Comparison of Tables I and II reveals that the Cu junctions consistently had lower resistance than the corresponding low oxide Ti junctions, often by about 50%.
An additional difference between the Ti and Cu junctions was stability during exposure to air. The resistance of the low oxide Ti junctions increased with time, by roughly a factor of 100 over a period of one month. J/V curves for 1-year-old Ti junctions showed rectification and hysteresis similar to that of the high oxide case of Fig. 1 , but with smaller currents. The resistance also increased with time for PPF/NAB/Cu junctions, but much more slowly, by less than 10% per week in ambient air. As noted earlier, the resistance values reported here are from junctions measured one day after E-beam metal deposition, unless indicated otherwise. As the behavior of NAB/Ti junctions is likely to be affected by the semiconducting nature of TiO x , identical junctions were fabricated with Al substituted for Ti. Not only is Al oxide an insulator, but it also lacks the intermediate oxidation states prevalent in the TiO x deposit. A J/V curve for a 1-day-old PPF/NAB͑3.7͒/Al/Au junction prepared under high oxide conditions is included in Fig. 5a and c. The Al oxide junction had very high resistance, no rectification, and no hysteresis, for a voltage range of at least Ϯ4 V.
Because the resistance values for Cu and low oxide Ti junctions are low, a concern arises that Cu penetrated the molecular layer and the observed response is due to Cu or Ti filaments or "shorts" acting as metallic conductors. This possibility was explored by making NAB and NBP junctions with varying thickness by exploiting their propensity to form multilayers. 19 J/V curves for junctions consisting of three thicknesses of NAB with both Ti and Cu top contacts are shown in Fig. 6 , and the observed resistances are listed in Tables I  and II . The observed resistance increases rapidly with the thickness of the molecular layer for both Ti and Cu top contacts.
Inspection of Fig. 5 and 6 reveals that the i/V curves approach a similar slope at high bias. The value of dV/di at both positive ͑Tables I and II͒ and negative bias ͑not shown͒ is in the range of 150-300 ⍀, slightly higher than the observed low bias resistance when the molecule is absent. These observations imply that the current at high bias is limited by the background resistance, which results mainly from the relatively high resistivity of PPF ͑0.005 ⍀-cm͒.
16,17 Figure 7a shows the PPF/NAB/Cu/Au current/voltage curves corrected for a constant series resistance of 150 ⍀, by subtracting the iR product from the applied voltage. Figure 7b shows a plot of differential conductance ͑di/dV͒ vs. V for a PPF/NAB͑4.2͒/ Cu/Au junction, as well as the control plot for a junction with no molecular layer. The high conductance for the corrected curves at high bias implies rapid electron transport through the molecular layer.
Discussion
Considered as a group, the molecular junctions studied here can be classified into three distinct types, all of which are illustrated in The dramatic effect of residual gases on PPF/molecule/Ti/Au junctions apparent in Fig. 1-3 indicates the importance of Ti oxides to junction behavior, a point that was not appreciated when such junctions were described initially. 13, 15 Let us first discuss the low oxide Ti junctions and Cu junctions listed in Table I , because they represent the conceptually simplest case. Figure 3 shows that substantial Ti oxide is present for the lowest backpressure studied, and the continuing decrease in resistance with pressure ͑Fig. 4͒ implies that the resistance for a junction of purely metallic Ti is lower than that observed for Ti deposition at 2.1 ϫ 10 −7 Torr. The redox potential of Cu ͑E°= 0.34 vs. normal hydrogen electrode͒ is nearly 2 V positive of Ti ͑Ϫ1.6 V͒, and the sticking coefficient of oxygen on Cu is at least four orders of magnitude lower than that on Ti. 31 Hence, Cu should be much less prone to react with residual H 2 O or O 2 during E-beam deposition. As shown in Fig. 4 , the resistance observed for PPF/NAB͑3.7͒/Cu junctions is much less sensitive to residual gases and has a resistance near that of the lowest oxide Ti junction. Based on the initial results with copper as a top contact, it appears that it is yielding junctions with characteristics similar to those made using titanium, but with much lower likelihood of insulating oxide formation.
A strong indication that junction behavior reflects the properties of the molecule rather than some artifact is the pronounced effect of molecular structure and film thickness on conductivity, shown in Fig. 1, 2 , and 6. Even if the i/V response were contaminated by defects or metallic short circuits, the large variation in conductivity and curve shape for different molecules indicates that the molecule is a major factor in determining junction conductivity. For example, the high oxide NAB response of Fig. 1 is qualitatively different from that of the high oxide BP junction ͑Fig. 2͒, lacking the hysteresis at negative voltage. Furthermore, Table I shows variations of a factor of 35 for molecules of nearly the same length ͑BP and NBP͒ and a 
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factor of over 200 for different molecular layer thicknesses ͓NBP͑1.7͒ and NBP͑4.2͔͒. These variations are difficult to explain unless the nature and thickness of the molecular layer are strong determinants of junction conductivity. Given past reports of metal penetration into Au/thiol SAMs, [1] [2] [3] [4] [5] how do we know the i/V curves observed for Cu junctions are not merely due to metallic filaments? Although the observed resistances for NAB, BP, and NBP monolayers with Cu contacts ͑443, 315, and 267 ⍀, respectively͒ are close to each other, there are several strong arguments against the involvement of metallic Cu "short circuits." First, metallic conduction through Cu should be linear with voltage, rather than showing the nonlinear behavior apparent in Fig. 1, 2 , and 5-7. The possibility that the nonlinear i/V response results from formation of Cu or Ti filaments at high bias is unlikely, given the repeatability and scan rate independence ͑from 0.1 to 1000 V/s͒ of the i/V curves. Second, metallic conduction should show a weak dependence on layer thickness ͑ϳd −1 ͒, yet both NBP and NAB show a much stronger dependence, with resistance increasing by factors of 20-200 for a factor of ϳ3 increase in the thickness of the molecular layer. Third, the good reproducibility of the resistance of Cu junctions is unlikely if the conductivity is controlled by metallic defects, unless the defects are numerous and uniform. Furthermore, the "blank" junctions without molecules exhibit linear i/V curves, with a slope reproducibly higher than that observed for molecular junctions ͑Fig. 1, Tables I and II, bottom entry͒. Fourth, the similarity of junction resistance for BP, NBP, and NAB monolayers is at least partly due to the background resistance of 80-250 ⍀. Subtraction of this resistance amplifies the structural effects, implying a stronger dependence of conductivity on molecular structure. This correction is not yet rigorous enough to draw quantitative conclusions about the structural effects on monolayer junction resistance, but such differences are unlikely if conductivity were due solely to metallic "shorts." Finally, if recently reported resistances for similar molecules ͑e.g., 4,4Ј-bipyridine, 1.3 M⍀͒ 32 are scaled up to junctions with ϳ10 11 molecules in parallel, the observed junction resistances should be less than 1 ⍀ without invoking metal filaments. This observation does not prove that filaments are absent, but it does indicate that low observed resistances for the current monolayer junctions are consistent with reported single molecule results. Although pinholes or other defects cannot be totally ruled out for the Cu junctions, the strong dependence of junction behavior on the structure and thickness of the molecular layer indicates that such defects cannot be the dominant determinant of junction conductivity. It is likely that the ability to make functioning reproducible molecular junctions by metal deposition on the monolayers studied here is due to the strength of the substratemolecule bond ͑ϳ100 kcal/mol͒ compared to much weaker Authiol ͑ϳ40 kcal/mol͒ bonds in SAMs and electrostatic bonds in LB structures.
The symmetry of the low oxide Ti and Cu junctions implies that the work function difference between the metal and carbon does not induce significant rectification. The strong rectification reported previously 13, 33 for high oxide Ti junctions requires TiO x to be present and is completely absent for the Cu junctions. The observation that the Cu and low oxide Ti junctions all exhibit high conductivity for high bias could be due to several mechanisms, including resonant tunneling through unoccupied molecular orbitals, thermionic ͑i.e., Schottky͒ or field ͑i.e., Fowler-Nordheim͒ emission. Detailed studies of temperature dependence and curve shape are currently underway to probe the conductivity mechanism.
The XPS results in Fig. 3 indicate a mixture of Ti͑0͒, Ti͑II͒, Ti͑III͒, and Ti͑IV͒, all in a presumably disordered oxide deposit. The absence of hysteresis for the low oxide Ti junctions implies a change in mechanism associated with the presence and composition of the TiO x layer. The small difference in the XPS results for high and low oxide junctions is surprising, given the large change in electronic properties. A possible explanation is based on the observation that the TiO 2 content increases with time, presumably by permeation of oxygen or water through the protective Au film covering the Ti layer. TiO and Ti 2 O 3 are only slightly less conductive than Ti metal, 34 but TiO 2 has a conductivity approximately 10 orders of magnitude lower. Thus, small amounts of TiO 2 , possibly formed as a layer at the Au/Ti interface, could have large effects on conductivity. This possibility is supported by the observation that "old" junctions with signficantly higher TiO 2 content ͑Fig. 3c͒ have very low conductivity and exhibit pronounced hysteresis. Although the junction composition and structure were very different from the current case, Hoagland et al. 35 reported that Cu/molecule/Al tunnel junctions were also sensitive to residual gases, and they attributed the effect to aluminum oxide formation. As apparent in Fig. 5a , a carbon/NAB/metal junction has high conductivity, and addition of an AlO x insulating oxide results in very low conductivity. The semiconducting Ti oxide junction not only has an intermediate conductivity, but it also exhibits hysteresis and rectification.
Electron transfer in carbon/molecule/Ti high oxide junctions is under active investigation, but at least two mechanisms may be responsible for the increase in current and hysteresis under positive bias. We showed previously using Raman spectroscopy that NAB on PPF is partially reduced upon Ti deposition to a mixture of NAB and NAB anion radical.
14 In a separate publication, we reported structural changes in high oxide PPF/NAB/Ti/Au junctions observed in situ with Raman spectroscopy through a partially transparent metal top contact. 33 The spectra showed unequivocally that structural changes occurred in the NAB layer under negative bias ͑PPF relative to Ti͒, and that these changes were similar to those observed during electrochemical reduction of NAB chemisorbed to glassy carbon. 36 It was also apparent during the spectroscopic experiment that both NAB and TiO x must be present for rectification to be observed. 33 Therefore, the conductance changes and hysteresis observed in high oxide PPF/NAB/Ti junctions are associated with a redox process in which electrons are transferred between the NAB/ NAB − and Ti/TiO x layers. An applied voltage in the range of 2-3 V should be energetically sufficient to cause redox reactions, given that the difference in redox potentials between NAB in acetonitrile ͑Ϫ0.62 V vs. NHE 36 ͒ and Ti/Ti +2 ͑Ϫ1.6 V͒ is about 1 V. Solution redox potentials are only a guide to solid-state behavior, but clearly, a negative bias on a PPF/NAB/Ti junction promotes formation of NAB anion at the negative electrode, whereas a positive bias should oxidize NAB anion and inject electrons into the Ti/TiO x layer. One explanation for the hysteresis in high oxide junctions is a change in Ti/TiO x or NAB/NAB − conductivity accompanying such electron injection. This injection may provide charge carriers in the semicon- 
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ducting TiO x or may produce Ti metal, which provides metallic conductivity between the bulk Ti metal and the molecular layer. It is also possible that the insulating TiO 2 present in high oxide Ti junctions is reduced to the more conductive Ti͑II͒ or Ti͑III͒ oxides. In any case, electron injection into the initial, low conductivity TiO x generates a more conductive phase under positive bias, while electrons leave the molecular layer. In the limit of complete conversion of TiO x to a metallic phase, we expect the junction conductivity to approach that of the low oxide case, as is apparent in Fig. 1 and 5 . As reported in detail previously, 13 this electron injection process has several properties of a redox reaction, including dependence on temperature, time, and applied voltage. The hysteresis results from the relatively slow kinetics of the overall reaction. Note that biphenyl and nitrobiphenyl are also reducible to anion radicals, although at more negative potentials than NAB. The stoichiometry of the redox process depends on the products of the reactions of trace gases with deposited titanium, and it is difficult to narrow down the possible reactions without more information about TiO x composition. Furthermore, observed conductivity is a function of the electronic properties of both the TiO x and NAB layers, both of which are modified by a redox process. Nevertheless, the key point is the association between electron transfer between the NAB and TiO x phases and changes in junction conductivity.
Conclusion
In summary, the behavior of carbon/molecule/metal molecular junctions is a strong function of preparation conditions, particularly those that result in a semiconducting metal oxide layer. Reduction of residual gas pressure during metal deposition causes the junction current/voltage behavior to change from the rectification reported 
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Journal of The Electrochemical Society, 152 ͑5͒ E176-E183 ͑2005͒ E182 previously 13, 15 to a symmetric response with much higher current density. The extreme sensitivity of titanium to trace gases is a likely source of the greater variability in Ti junction resistance and behavior compared to Cu. If the residual gases were controlled more accurately than possible with the apparatus used here, this variability should be reduced. Cu junctions are distinct from Ti junctions and more closely resemble a true carbon/molecule/metal structure. For Ti or other metals, control of oxide level may permit useful exploitation of the hysteresis and rectification associated with the oxide, e.g., in memory devices based on the conductivity of various redox states. It is somewhat speculative at this point, but it is also possible that trace water or oxygen is actually beneficial during Ti deposition, in that it allows TiO x formation in lieu of "destruction" of the monolayer by titanium atoms reported for SAMs. 11, 12 However, for fundamental investigations of electron transport in molecules, copper appears to be superior to titanium, with its much lower sensitivity to residual gases. The next step using a Cu top contact is to significantly reduce the junction area to minimize effects of ohmic potential losses in the PPF and external contacts, and to exclude air from completed junctions to improve junction stability.
